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We study non-equilibrium (NE) fluctuation-dissipation (FD) relations in the context of quantum
thermoelectric transport through a two-terminal nanodevice, in the steady-state and with interac-
tion. The FD relations for the one- and two-particle correlation functions are derived. Numerical
applications, using self-consistent NE Green’s functions calculations, are given for electron-phonon
interaction in the central region. We find that the FD relations for the one-particle correlation
function are strongly dependent on both the NE conditions and the interactions, while they are
much less dependent on the interactions for the two-particle correlation. This suggests interesting
applications for single-molecule and other nanoscale transport experiments: the two-particle corre-
lation functions, obtained from noise and transport measurement, provide information about the
gradients of chemical potential and temperature, and other properties of the system.
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Quantum systems can be driven far from equilibrium
by time-dependent perturbation or by coupling to reser-
voirs at different chemical potentials or temperatures.
In the latter case, the system is “open” and particle-
or energy-currents flow throughout the system. Such
processes take place in different contexts, ranging from
nanoscale quantum transport to chemical reactions. The
recent developments in modern techniques of microscopic
manipulation and nanotechnologies enable us to build
functional nanoscale systems. Fluctuations in such sys-
tems can nowadays be measured at the single-electron
level [1, 2]. At equilibrium, small fluctuations satisfy
a universal relation known as the fluctuation-dissipation
(FD) theorem [3–5]. The FD relation connects sponta-
neous fluctuations to the linear response, for both classi-
cal and quantum systems.
The search for similar relations for systems driven far
from equilibrium has been an active area of research for
many decades. A major advance had taken place with the
derivation of exact fluctuation relations which hold for
classical and quantum systems at non-equilibrium (NE)
[6–9]. For quantum systems, fluctuations have also been
studied in the context of quantum heat conduction and
full counting statistics [10–18]. Another route is to con-
sider the equilibrium relations with effective and local
thermodynamical variables (temperature, chemical po-
tential) dependent on the NE conditions [19, 20].
In this paper, we focus on the generalisation of FD re-
lations to NE conditions in the presence of both charge
and heat transport, with a strong emphasis on the ef-
fects of interactions between particles on such relations.
In particular, we derive the NE FD relations for 1-particle
correlation functions (the electronic Green’s functions
GFs) and for 2-particle correlation functions (the charge-
charge (CC) and current-current (JJ) correlation and
response functions). We calculate the Kubo-Martin-
Schwinger (KMS) and FD relations for a model system
connected to two reservoirs in the presence of an applied
bias and a temperature gradient, in the NE steady-state.
We show that the FD theorem for the 1-particle cor-
relation functions is strongly dependent on both the NE
conditions and the interaction between particles. While
the FD relations for the 2-particle correlation functions
are much less dependent on the interaction. Such 2-
particle quantities are accessible experimentally by noise
and transport measurements. Hence one could deter-
mine properties of the system such as the effective tem-
perature, the gradients of temperature and chemical po-
tential, the strength of the coupling to the leads, and
deviations from electron-hole symmetry.
Equilibrium FD theorems.— At equilibrium, the FD
theorem arises from the fact that the time evolution oper-
ator e−iHt bears a strong formal similarity to the weight-
ing factor e−βH that occurs in the statistical averages by
identifying t ≡ −iβ (with β = 1/kT ). The key rela-
tion is that, for any two operators A and B, one has
〈A(t− iβ)B(t′)〉 = 〈B(t′)A(t)〉.
We can define the quantity X>AB = 〈A(1)B(2)〉 and
X<AB = ∓〈B(2)A(1)〉, with the minus (plus) sign for
A,B being fermion (boson) operators. At equilibrium,
the quantities depend only on the time difference, and
after Fourier transform (FT), we write the general FD
theorem for X
≶
AB(ω) as
X>AB +X
<
AB =
[
rAB(ω) + 1
rAB(ω)− 1
] (
X>AB −X<AB
)
, (1)
with the ratio rAB(ω) obtained from the KMS relation
at equilibrium rAB(ω) = X
>
AB/X
<
AB = ∓eβω¯ with the
minus sign for fermion operators and ω¯ = ω (ω¯ =
ω− µeq) for (grand-)canonical average (with the equilib-
rium Fermi level µeq), and with the plus sign for boson
operators (ω¯ = ω). One recovers the conventional FD
relations from Eq.(1). For boson operators, the usual
relation between commutator and anticommutator is
〈{A,B}〉ω = coth (βω¯/2) 〈[A,B]〉ω , (2)
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2with 〈. . . 〉ω being the FT of 〈. . . 〉(t − t′). For elec-
tron Green’s functions, iG>(1, 2) = X>AB with A(1) =
Ψ(1) and B(2) = Ψ†(2), and we recover the usual re-
lation GK(ω) = tanh (βω¯/2) (Gr −Ga) (ω) by identify-
ing GK = G> + G< = i〈[Ψ(1),Ψ†(2)]〉 and Gr − Ga =
G> −G< = i〈{Ψ(1),Ψ†(2)}〉 [21].
NE steady-state transport.— The above KMS and FD
relations however do not hold in NE conditions, even
in the steady state which can be seen as a pseudo-
equilibrium state [22–26]. We now extent the FD re-
lations to NE steady-state quantum transport. We con-
sider the single impurity model connected to two non-
interacting Fermi seas. The left (L) and right (R) leads
are at their own equilibrium, with a Fermi distribution
fα(ω) defined by their respective chemical potentials µα
and temperatures Tα (α = L,R). The central region
connected to the leads contain interaction characterized
by a self-energy Σint(ω) [27]. Furthermore the specific
model used for the leads does not need to be specified, as
long as the leads can be described by an embedding self-
energy Σα(ω) in the electron GF of the central region.
Our results for the FD theorem are general with respect
to both the leads and the interaction self-energies.
FD relations for the 1-particle correlation functions.—
In the absence of interaction in the central region, we
use the properties of the GFs in the central region,
G
≶
0 (ω) = G
r
0(ω)(Σ
≶
L + Σ
≶
R)(ω)G
a
0(ω), to show that they
follow a pseudo-equilibrium relation [30]: G
≶
0 (ω) =
−f≶(ω) (Gr0 −Ga0) (ω), where the NE distribution f< =
fNE0 and f
> = fNE0 − 1 with fNE0 (ω) = (ΓL(ω)fL(ω) +
ΓR(ω)fR(ω))/Γ and Γ = ΓL + ΓR with Γα(ω) = i(Σ
>
α −
Σ<α )(ω). We determine the FD ratio (FDr) from Eq. (1)
as FDr[G0] = (G
>
0 +G
<
0 )/(G
>
0 −G<0 ) = 1− 2fNE0 (ω).
For symmetric coupling to the leads, ΓL = ΓR and
µL,R = µ
eq ± V/2, we find the following expression [31]:
FDr[G0] =
sinhβω¯
coshβω¯ + coshβV/2
, (3)
and for the KMS ratio rAB :
G<0
G>0
= −e
−βω¯ + coshβV/2
eβω¯ + coshβV/2
. (4)
At equilibrium (V = 0), we recover the usual results
G<0 /G
>
0 = −e−βω¯ and FDr[G0] = tanh (βω¯/2).
For asymmetric contacts and potential drops µα =
µeq + ηαV (with ηL − ηR = 1) we find [32]:
FDr =
sinhβ(ω¯ − η¯V )− (Γ¯L − Γ¯R) sinhβV/2
coshβ(ω¯ − η¯V ) + coshβV/2 , (5)
with η¯ = (ηL + ηR)/2 and Γ¯α = Γα/Γ.
In the presence of interaction in the central region,
with a self-energy Σint(ω), we use again the properties of
the NE GF to find that
G<
G>
=
Σ<L+R + Σ
<
int
Σ>L+R + Σ
>
int
=
fNE0 − iΣ<int/Γ
fNE0 − 1− iΣ>int/Γ
. (6)
From this ratio, we define a NE distribution function
fNE(ω) = [1−G>/G<]−1 which permits us to define the
pseudo-equilibrium relation G< = −fNE (Gr −Ga). It is
given by
fNE(ω) =
fNE0 (ω)− iΣ<int(ω)/Γ(ω)
1 + i(Σ>int − Σ<int)/Γ
. (7)
There is no a priori reason for fNE to be equal to the
non-interacting distribution fNE0 [33]. From Eq. (7), we
derive the FDr (1− 2fNE) for the interacting GFs
FDr[G] =
FDr[G0] + i(Σ
>
int + Σ
<
int)/Γ
1 + i(Σ>int − Σ<int)/Γ
. (8)
The NE FD relations, Eqs.(5-8), derived for the one-
particle correlations are less universal than the equilib-
rium relation, since they depend on both the set-up that
drives the system out of equilibrium and on the MB in-
teraction, as expected. However the NE FD relations are
universal, with respect to the interaction, in the same
sense that the GFs have an universal expression via the
use of the interaction self-energies.
We now provide a numerical application for a specific
choice of interaction. We consider a model system with
electron-phonon (e-ph) interaction for which we calculate
the full NE properties using the NE GF Keldysh formal-
ism [34, 35]. The Hamiltonian for the central region is
HC = ε0d
†d+ω0a†a+γ0(a†+a)d†d , where d† (d) creates
(annihilates) an electron in the level ε0, which is coupled
to the vibration mode of energy ω0 via the coupling con-
stant γ0. The leads are represented by one-dimensional
tight-binding chains and t0L,R are the hopping integrals
to the central region [36, 37]. The many-body (MB) e-
ph interaction self-energies Σint are treated at the self-
consistently Born approximation level [34, 35, 37].
We have performed calculations for a wide range of
parameters found in [37]. We consider symmetric (t0L =
t0R) and asymmetric (t0L 6= t0R) coupling to the leads,
different strengths of coupling t0α, transport regimes (off-
resonant ε0  µeq, and resonant ε0 ∼ µeq), e-ph cou-
pling strengths, biases V with symmetric and asymmet-
ric potential drops at the contacts, and temperatures Tα
and Tph. All calculations [37] corroborate the conclusions
we find for the behaviour of the NE FD ratios that we
present below for specific sets of parameters.
Figure 1 shows the FD ratio for the GF for the off-
resonant transport regime, in both the presence and the
absence of interaction. For zero and very low bias, the
FDr follows the equilibrium tanhβω/2 expression as ex-
pected. For the non-interacting case, the FD ratio follows
Eq. (3). One can clearly see that the presence of interac-
tion strongly modifies the FDr. The effects are stronger
for larger V when the bias window include a substantial
spectral weight of the self-energy Σ
≶
int. This is the regime
when the single-(quasi)particle representation for quan-
tum transport breaks down [38]. At large bias, we can
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FIG. 1: (color online) FD ratio for the GF and both the
non-interacting (NI) and interacting cases in the off-resonant
regime (ε0 = 0.50) and for different biases V . At equilibrium,
the FD ratio is given by tanhβω/2 (see V = 0, and V =
0.1). The presence of interaction induces strong deviation
from the non-interacting FD ratio giving in Eq. (3). The
other parameters are γ0 = 0.12, ω0 = 0.3, t0α = 0.15, Tα =
Tph = 0.1, ηL = 0.5, εα = 0, βα = 2. Inset: Equilibrium
distribution feq(ω) and NE distributions fNE0 and f
NE in the
absence and presence of interaction.
obtain negative values of the FDr. This is when the NE
MB effects are not negligible and induce strong modifica-
tions of the NE distribution fNE. In that case fNE > 0.5
for ω ≥ 0 (see inset in Fig. 1). Such a behaviour never
occurs in the resonant transport regime (with symmet-
ric coupling to the leads and without Hartree-like self-
energy) when the system always presents electron-hole
symmetry [37]. These results show that the NE FD the-
orem for the GF is strongly dependent on the NE condi-
tions as well as on the MB effects. However the NE GF
are not directly accessible experimentally as are the elec-
tronic current and charge for which the dependence on
both the NE and MB effects has been shown in [34, 35].
FD relations for the 2-particle correlation functions.—
We now calculate the FD relations for the JJ and CC
correlation and response functions, far from equilibrium,
and compare such relations with those obtained for the
GFs. By definition [1], the fluctuation correlation func-
tion (noise) is SXαβ(t, t
′) = 12 〈{δXα(t), δXβ(t′)}〉 where
δXα(t) = Xα(t) − 〈Xα〉. The response function is
RXαβ(t, t
′) = 〈[Xα(t), Xβ(t′)]〉. For the current flowing
at the α = L,R contact: Xα = Jα and 〈Jα(t)〉 =
e/~ Trα [(ΣG)<(t, t)− (GΣ)<(t, t)]. For the charge in the
central region: XC = nC and 〈nC(t)〉 = e Tr[−iG<(t, t)].
The total noise SJ(ω) and response function RJ(ω) are
defined from the symmetrized current J = (JL − JR)/2.
In the steady state, all quantities depend only on the
difference t − t′ and, after FT, we obtain the relation
2Sx(ω)
Rx(ω)
= 〈xx〉−ω ± 〈xx〉+ω with 〈xx〉±ω = 〈jj〉±ω for the
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FIG. 2: (color online) Inverse FD ratio for current-current
correlation function in the off-resonant regime, and for the
non-interacting (NI) and interacting cases. The parameters
are ε0 = 0.50, γ0 = 0.12, ω0 = 0.3, t0α = 0.15, Tα = Tph =
0.1, ηL = 0.5, εα = 0, βα = 2.
current, or 〈nCnC〉±ω for the charge [39, 40]. The 2-
particle correlation functions are bosonic. At equilibrium
they follow the relation 2Sx(ω) = coth (βω/2)Rx(ω) [45].
We now compute the two-particle correlation functions
and the FD relations using our model NEGF calculations
with e-ph interaction. We concentrate below on the in-
verse of the NE FD ratio 1/FDr = Rx(ω)/2Sx(ω) for JJ
and CC correlation functions. This allows us to avoid the
divergence of the coth-like function at ω = 0, and allows
for a direct comparison with the FDr of the GFs (function
tanhβω/2 at equilibrium). Figure 2 shows the inverse
FDr of the JJ correlation functions for the off-resonant
regime (same parameters as in Fig. 1) (for the resonant
regime see [37]). The inverse of FDr for the JJ correlation
functions does not have the same behaviour as the FDr of
the GFs [37], although it follows the same tanhβω/2 be-
haviour at very small applied bias, as expected. Increas-
ing the bias, seems to correspond to an effective increase
of the temperature. However the FDr[JJ] is never well
represented by an tanhβeffω/2 function (with an effec-
tive local temperature kTeff = 1/βeff) beyond the linear
regime [37]. More importantly, the NE FD ratio for the
JJ correlations is much less dependent on the interaction
than FDr[G]. This is a very interesting property, useful
for experiments as we explain below.
Figure 3 shows the inverse FDr of the CC correlation
functions in the off-resonant regime (same parameters
as in Fig. 1). We observe again that the interaction ef-
fects are less dominant in FDr[CC] than in FDr[G], ex-
cept for large bias. Furthermore we find that FDr[CC]
6= FDr[JJ] [37]. The reasons why the FD ratios for the
JJ and the CC correlations and GFs are all different can
be understood from the NE density matrix (including
both NE and MB effects) introduced by Hershfield as
4ρ ≡ e−β(H−Y ) [22]. The Y operator is constructed from
an iterative scheme for the equation of motion of an ini-
tial Y0 operator. In the case of a two-terminal device,
the initial operator is Y0 = µLNL + µRNL with the left
and right chemical potentials µL,R and particle number
operators NL,R. The key relation leading the FD the-
orems becomes 〈A(t − iβ)B(t′)〉 = 〈e−βYB(t′)eβYA(t)〉.
The usual equilibrium FD relations break down at NE
and additional contributions arise from the expansion
e−βYBeβY = B+[−βY,B]+ . . . [22, 46]. For the GFs of
the central region, the fermion operatorB is d or d†, while
for the JJ (CC) correlations, the boson-like operator B
is c†αd or d
†cα (d†d) where c†α (cα) creates (annihilates)
an electron in the lead α. Therefore there is no obvious
reason for the two FD ratios to be identical, especially
in the presence of interaction. Furthermore, with the JJ
and CC correlations, one deals with an higher order prod-
uct than for the GFs and the expansion of e−βYBe−βY
contains higher order powers in terms of the interaction
coupling parameters (in case our case, in terms of γ20) in
comparison to the series expansion for the GFs. There-
fore, for weak to intermediate interaction strengths, we
expect less effect from the interaction in the FDr of the
JJ and CC correlations than in FDr[G] as shown above.
With temperature gradient.— So far we have consid-
ered systems with a unique temperature. We also con-
sider cases where there is a temperature gradient between
the L and R lead. The derivations follow the same line as
previously, and we find the NE FD ratio for the symmet-
ric non-interacting case (in the presence of both a poten-
tial and temperature gradients between the two leads):
FDr[G0] =
(
2 sinh β¯ω¯
)
/
(
2 cosh β¯ω¯ +
(
u−βL + uβR
)×
cosh ∆βω¯/2 +
(
u−βL − uβR) sinh ∆βω¯/2) ,
with u = eV/2, β¯ = (βL + βR)/2 and ∆β = βL − βR.
Clearly, at zero bias, the gradient ∆β plays the same
role as the bias V in Eq. (3) with an effective temper-
ature Teff defined from β¯ as Teff = TLTR/(TL + TR).
The calculations we have performed in the presence of
both temperature gradient and applied bias show similar
behaviours as described above [37]. Now we have two
“forces” driving the system out of equilibrium, ∆µ and
∆β, and the FD relations (at low bias) are governed by
the effective temperature 1/β¯.
Discussion.— We have derived FD relations for one-
particle and two-particle correlation functions in the con-
text of quantum transport through a two-terminal device
in the steady state regime. We have also provided numer-
ical application of our derivation for the case of a single
impurity model in the presence of e-ph interaction. Our
calculations are mostly relevant for e-ph interacting sys-
tems, but are not limited only to these processes. The
main conclusion of our work is that the FD relations for
the GFs are strongly dependent both on the ‘forces’ (∆µ
and/or ∆β) driving the system out of equilibrium and on
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FIG. 3: (color online) Inverse FD ratio for CC correla-
tion function in the off-resonant regime, and for the non-
interacting (NI) and interacting cases. One curve for the
FDr[JJ] is also given to show that FDr[CC] 6= FDr[JJ]. The
parameters are ε0 = 0.50, γ0 = 0.12, ω0 = 0.3, t0α = 0.15,
Tα = Tph = 0.1, ηL = 0.5, εα = 0, βα = 2.
the interaction, while the FD relations for the current-
current correlation functions are much less dependent on
the interaction. However the JJ FD relations cannot be
well described by equilibrium relations using an effective
local temperature (which would be dependent on the ap-
plied ‘forces’).
The weak dependence on interaction of the JJ FD re-
lation implies that the calculated relation for the non-
interacting case can serve as a master curve for fitting
experimental results. The experimental JJ correlation
functions obtained via noise and transport measurement,
fitted on the master curve, can provide us with informa-
tion about the ‘forces’ (∆µ and/or ∆β) and effective tem-
perature in the central region. These are crucial quanti-
ties to know in single-molecule nanodevice experiments.
Furthermore, a strong departure from the master curve
could indicate a breakdown of the major hypothesis of
in our model, i.e. the interactions are not located only
in the central region, or there are more than two en-
ergy/particle reservoirs connected to the central region.
We thank L. Arrachea and A.J. Fisher for useful com-
ments, and AJF for suggesting the calculation of the CC
correlations.
∗ Electronic address: herve.ness@york.ac.uk; European
Theoretical Spectroscopy Facility (ETSF)
† European Theoretical Spectroscopy Facility (ETSF)
[1] Y. M. Blanter and M. Bu¨ttiker, Phys. Rep. 336, 1 (2000).
[2] H. Fo¨rster and M. Bu¨ttiker, Phys. Rev. Lett. 101, 136805
(2008).
[3] R. Kubo, J. Phys. Soc. Jpn. 12, 570 (1957).
5[4] R. Kubo, Rep. Prog. Phys. 29, 255 (1966).
[5] G. F. Efremov, Soviet Physics JETP 28, 1232 (1969).
[6] G. N. Bochkov and Yu. E. Kuzovlev, Soviet Physics
JETP 45, 125 (1977).
[7] G. N. Bochkov and Yu. E. Kuzovlev, Soviet Physics
JETP 49, 453 (1979).
[8] C. Jarzynski, Physical Review Letters 78, 2690 (1997).
[9] C. Jarzynski and D. K. Wo´jcik, Phys. Rev. Lett. 92,
230602 (2004).
[10] K. Saito and A. Dhar, Phys. Rev. Lett. 99, 180601
(2007).
[11] D. Andrieux and P. Gaspard, Phys. Rev. Lett. 100,
230404 (2008).
[12] M. F. Gelin and D. S. Kosov, Phys. Rev. E 78, 011116
(2008).
[13] D. Andrieux, P. Gaspard, T. Monnai, and S. Tasaki, New
Journal of Physics 11, 043014 (2009).
[14] M. Esposito, U. Harbola, and S. Mukamel, Rev. Mod.
Phys. 81, 1665 (2009).
[15] P. Talkner, M. Campisi, and P. Ha¨nggi, J. Stat. Mech.:
Theory and Experiment 02, 02025 (2009).
[16] C. Flindt, T. Novotny´, A. Braggio, and A.-P. Jauho,
Phys. Rev. B 82, 155407 (2010).
[17] M. Campisi, P. Ha¨nggi, and P. Talkner, Rev. Mod. Phys.
83, 771 (2011).
[18] I. Safi and P. Joyez, Phys. Rev. B 84, 205129 (2011).
[19] L. Arrachea and L. F. Cugliandolo, Europhys. Lett. 70,
642 (2005).
[20] A. Caso, L. Arrachea, and G. Lozano, Eur. Phys. J. B
85, 266 (2012).
[21] From the equilibrium KMS ratio G>/G< = −eβω¯, one
gets the usual relation G< = −feq(G> − G<) with the
Fermi distribution feq(ω) = [1−G>/G<]−1.
[22] S. Hershfield, Physical Review Letters 70, 2134 (1993).
[23] B. Doyon and N. Andrei, Phys. Rev. B 73, 245326 (2006).
[24] J. E. Han, Physical Review B 75, 125122 (2007).
[25] T. Fujii, J. Phys. Soc. Jpn 76, 044709 (2007).
[26] J. E. Han, Physical Review B 81, 245107 (2010).
[27] The expressions we derive can be generalised to a central
region with several electronic levels by taking the trace
of the different quantities over such degrees of freedom,
as was done in [28] for generalised susceptibilities and in
[29] for transport with interaction everywhere.
[28] H. Ness and L. Dash, Phys. Rev. Lett. 108, 126401
(2012).
[29] H. Ness and L. Dash, Phys. Rev. B 84, 235428 (2011).
[30] S. Hershfield, J. H. Davis, and J. W. Wilkins, Physical
Review Letters 67, 3720 (1991).
[31] S. Kirchner and Q. Si, Phys. Rev. Lett. 103, 206401
(2009).
[32] For the KMS ratio we obtain
G<0 /G
>
0 = − e
−β(ω¯−η¯V )+cosh βV/2+(Γ¯L−Γ¯R) sinh βV/2
eβ(ω¯−η¯V )+cosh βV/2−(Γ¯L−Γ¯R) sinh βV/2
.
[33] Equality occurs only in special cases for which Σ<int fol-
lows the statistics Σ<int = −fNE0 (Σrint − Σaint), but this is
generally not true. For e-ph interaction, the lowest or-
der self-energy is given by the Fock diagram: Σ
F,≶
int (ω) =
γ20(NphG
≶(ω ∓ ω0) + (Nph + 1)G≶(ω ± ω0)) [34]. At
low temperature Nph = 0 and the ratio Σ
F,>
int /Σ
F,<
int =
G>(ω − ω0)/G<(ω + ω0) defines a distribution function
fNEint = [1− Σ>int/Σ<int]−1 completely different from fNE0 .
[34] L. K. Dash, H. Ness, and R. W. Godby, Journal of Chem-
ical Physics 132, 104113 (2010).
[35] L. K. Dash, H. Ness, and R. W. Godby, Physical Review
B 84, 085433 (2011).
[36] The corresponding lead self-energies Σxα(ω) are energy
dependent and go beyond the wideband limit.
[37] See associated Supplemental Material.
[38] H. Ness, L. Dash, and R. W. Godby, Physical Review B
82, 085426 (2010).
[39] For the CC correlations we have:
〈nCnC〉∓ω = e2
∫
du/2pi Tr[G>(u)G<(u ∓ ω] with the
trace taken on the electron states of the central region.
[40] For the JJ correlations we have [41–44]:
〈jj〉∓ω = e2/~2
∫
Tr
[
G>(u)
(ΣL + ΣR + (ΣL − ΣR)G(ΣL − ΣR))< (u∓ ω)
+ (ΣL + ΣR + (ΣL − ΣR)G(ΣL − ΣR))> (u) G<(u∓ ω)
− (G(ΣL − ΣR))> (u) (G(ΣL − ΣR))< (u∓ ω)
− ((ΣL − ΣR)G)> (u) ((ΣL − ΣR)G)< (u∓ ω)
]
du/2pi .
[41] Ø. Lund Bø and Yu. Galperin, J. Phys.: Condens. Matter
8, 3033 (1996).
[42] G.-H. Ding and T.-K. Ng, Phys. Rev. B 56, 15521 (1997).
[43] J.-X. Zhu and A. V. Balatsky, Phys. Rev. B 67, 165326
(2003).
[44] M. Galperin, A. Nitzan, and M. A. Ratner, Phys. Rev.
B 74, 075326 (2007).
[45] At equilibrium, we recover the current (Nyquist-Johnson)
noise SJ(0) = 2kT Glin with the linear conductance
2Glin = limω→0 RJ(ω)/ω [1].
[46] S. Tasaki and J. Takahashi, Prog. Theor. Phys. 165, 57
(2006).
